There is a potential threat to lakes and water reservoirs from contamination released due to the flooding of objects that can pose an environmental risk (cemeteries, sewage treatment plants, sewage pumping stations, landfills and industrial plants) located in areas prone to inundation. The analysis covered large lakes and reservoirs (those with the area of over 50 ha), identified as bodies of surface water located in areas potentially affected by flooding of high (10%), medium (1%) and low (0.2%) probability of occurrence. These areas are presented on flood hazard maps and flood risk maps. The results of analyses revealed that the scale of potential threat to Polish lakes, defined as bodies of surface water, with contamination from objects of environmental flood risk is marginal, however, in the case of reservoirs -significant.
Introduction
Lakes in Poland play important role in the water balance (Małecka and Staszewski 2015) ; as Marszelewski (2017) highlights, the lake fraction of state water resources is stable because it does not show any significant short-term fluctuations, in contrast to the water resources of rivers, which can result in so-called dry years, when the share of the lake waters in the annual water resources of the country exceeds as much as 40%. A smaller share in the Polish water balance is held by retention reservoirs in which approximately 6% of the volume of water flowing from the country can be retained (Małecka and Staszewski 2015) .
Considering the relatively small scale of water resources in Poland (Borowiak 2017 ) (the amount of water per citizen is about 1600 m 3 , with an average of about 4900 m 3 per one citizen in Europe) (Małecki and Gołębiak 2012) , special care is required in the area of protection of water resources, including lakes and water reservoirs. This is especially important in the face of climate change where significant changes in seasonal discharges are forecasted and adaptation measures seem to be necessary (Kundzewicz et al. 2017) .
One of the factors that could influence the quality of surface waters, contributing to their pollution, is flooding (Yang and Liu 2010; Lipińska 2011; Lorenc 2012) . This occurs particularly when in an area potentially affected by flooding there are objects which while flooded might constitute a potential source of pollution (in this work such objects are called objects of environmental flood risk). This pollution, transported by the flood waters to lakes or reservoirs, interferes in their eco-system balance, and as a result they limit their economic use. For this reason the assessment of the flood hazard and flood risk, preparation of sufficient means of flood protection and use of the benefits resulting from floods becomes a significant task in the protection of water resources (Ahmad et al. 2017) , and in the wider context, sustainable flood risk management (Dumieński et. al. 2017) .
Flood waters carry pollution originating from the diffuse sources (i.e. from the intensively used rural areas or hardened surfaces in cities) as well as from point sources (objects located in the areas potentially affected by flooding being a possible source of water pollution, i.e. sewage treatment plants, cesspools, industrial plants, cemeteries, landfills, dangerous substance storages, fuel stations, etc.). In extreme cases, due to the release of particularly damaging substances, there may be chemical or bacteriological contamination of waters which is especially dangerous if they are used for the human or economic needs.
Studies of the quality of flood waters have shown that during flooding river waters change their physical, chemical and microbiological parameters. These changes most often concern the following parameters: temperature, colour, dissolved oxygen, suspended solids, nitrogen and phosphorus compounds, COD-Cr, and number of coli bacteria (Trzosińska and Andrulewicz 1998; Lipińska 2011) . Additionally, high turbidity of water causes adverse conditions for the growth of phytoplankton and macrophytes (Cui et al. 2000; ShuhaimiOthman et al. 2007; Yang and Liu 2010) . The analyses of flood waters of the river Oder during the 2010 flood in Poland indicated excessive values of COD-Cr, COD-Mn and total organic carbon. There was also a high level of total suspension and number of coli bacteria (Wylęgała and Andruszko 2010). In the Czech Republic, during the flood of 2006,the number of coli bacteria was observed to increase by about 140%, moreover accumulation of suspension in the water reservoirs was found (Hrdinka et al. 2012) . A similar situation occurred in 1997 on the Red River in North America -a significant transport of substance (in the form of nitrogen and phosphorus) to the river receiver, i.e. Lake Winnipeg was observed, which, in 1998 caused the highest ever recorded level of total nitrogen and total phosphorus concentration in the lake's waters (Stewart et al. 2000) .
The adverse concentrations of pollutants signalled in the literature therefore lead to the disturbance of the biological balance of the eco-system of surface waters . Contamination also threatens all elements of the natural environment which come into contact with the polluted flood waters. Special attention ought to be paid to the lakes and water reservoirs which, due to their location in the flood area, carry the flood wave (Nowak et al. 2018) . The accumulation of matter, including contaminants, takes place in the lakes and water reservoirs. They are particularly vulnerable ecosystems which, in the case of pollution, require the application of special measures that re-establish the good status of waters.
The aim of this work is to define the scale of potential threat to lakes and water reservoirs in Poland, in the case of flooding with contamination of substances that come from objects of environmental flood risk. Such objects are said to be: cemeteries, landfills, industrial plants, sewage treatment plants and sewage pumping stations.
The conducted analyses served to select lakes/reservoirs located in those areas potentially affected by flooding, which during flood may be polluted as a result of flooding of objects of environmental flood risk.
Methods
This article includes an analysis of Polish lakes and water reservoirs located in areas potentially affected by flooding of high (10%), medium (1%) and low (0.2%) probability of occurrence. The analysis covered lakes and water reservoirs which, according to the Water Framework Directive (EC 2000) , were defined as bodies of surface water, i.e. lakes with an area of over 50 ha and water reservoirs constituting heavily modified river water bodies. Water bodies are significant elements of water management planning aimed at achieving good water status.
Updated river basin management plans (RM 2016a (RM , 2016b provided the source of information regarding water bodies.
For each selected body of surface water, such as lakes or reservoirs located in areas potentially affected by flooding, objects of environmental flood risk, such as: cemeteries, sewage treatment plants, sewage pumping stations, landfills and industrial plants were distinguished. These objects were identified on flood risk maps which gave information about their location. Additionally, in case of landfills, apart from location, it is possible to obtain information regarding the kind of stored waste (with division into: municipal, industrial, mixed). In the case of industrial plants, available information refers to the category of industry they were assigned due to their activity and whether the industrial plants have the integrated IPPC permit (legal base : SRP 2001; EC 2008) , and whether they are registered as plants of high or increased risk of malfunction (legal base : SRP 2001; EC 2012) .
It has been assumed that objects of environmental flood risk, being potential threats to a lake/reservoirwater body, during flood, are objects that: (i) are located in areas potentially affected by flooding, (ii) are situated in the buffer zone of a lake/reservoir -water body with a radius of 10 km above the lake/reservoir including the direction of the flood water flow. The distance of 10 km has been defined on the basis of preliminary research regarding the location of the objects of environmental flood risk in relation to the lake/reservoir -water body ( Table 1) , assuming that at such distance the contamination released from objects can be transported with flood waters in concentration threatening the lake/reservoir. The size of the buffer zone has been assigned ar- Table 1 . Total number of objects of environmental flood risk according to their distance from the body of surface water such as lake or reservoir bitrarily due to the lack of information allowing any detailed description of the characteristics of the objects of environmental flood risk -especially in relation to the kind and amount of potential contamination. Hence, it was impossible to analyse the routes along which the contamination could be transported. Therefore, the value of 10 km is arbitrary and its clarification is only possible after insightful analysis of each case, including model studies of the migration of contaminants during flooding. The identification procedure for objects of environmental flood risk constituting a hazard for a given body of surface water is presented in Figure 1 .
The conducted analyses revealed situations, in which an object of environmental flood risk threatens a few lakes/reservoirs located in, the so-called, sequence of lakes/reservoirs (Fig. 1 ). These are flow lakes/reservoirs, so the object of environmental flood risk can threaten the subsequent lakes/reservoirs in varying degrees. It has been assumed that the lake/ reservoir situated first (taking into account the direction of the flood waters flow) will be at the highest risk of potential contamination from the flood waters and at the same time contribute to the reduction (dilution) of the contamination reaching subsequent lakes/reservoirs.
The analyses used GIS software (ArcMap v. 10.0), which helped to generate the maps of lakes/reservoirs exposed to the objects of environmental flood risk.
Results
Among 1068 lakes in Poland with a surface area equal to or greater than 50 ha, 48(4.5%) of them are located in areas potentially affected by flooding. In these areas, there are also 25 water reservoirs, i.e. 55.6% of all 45 water reservoirs constructed in Poland (Fig. 2) .
In the buffer zone of the above mentioned bodies of surface water with a radius of 10 km, there are 52 objects of environmental flood risk, while 23 such objects are at a distance of only 2 km from the lake or reservoir. As objects of environmental flood risk those identified are:
-28 industrial plants located in areas potentially affected by flooding with low probability of occurrence (2 objects and 1 object, respectively, are located in areas potentially affected by flooding with medium and high probability of occurrence); -9 sewage treatment plants located in the areas potentially affected by flooding with low probability of occurrence (6 and 2 objects, respectively, are located in the areas potentially affected by flooding with medium and high probability of occurrence); -8 cemeteries located in areas potentially affected by flooding with low probability of occurrence (4 and 2 objects, respectively, are located in areas potentially affected by flooding with medium and high probability of occurrence); -4 landfills located in areas potentially affected by flooding with low probability of occurrence (2 objects and 1 object, respectively, are located in areas potentially affected by flooding with medium and high probability of occurrence);
-3 sewage pumping stations located in areas potentially affected by flooding with low probability of occurrence (1 object and 0 objects, respectively, are located in areas potentially affected by flooding with medium and high probability of occurrence). Detailed information regarding the objects of environmental flood risk for bodies of surface water such as lakes or reservoirs are presented in Table 2 and in Figure 3 .
In the result of analyses 5 lakes as well as 18 reservoirs in Poland were identified as potentially threatened with contamination released from objects of environmental flood risk due to the direction of the flood flow (Table 3 , Fig. 4 ). Among them, 2 lakes and 2 reservoirs form parts of a chain of lakes or reservoirs, as subsequent objects in the hierarchically developed surface outflow systems. Therefore, it can be assumed that they are less threatened with contamination due to accumulation of substances transported by the flood waters in the lake (reservoir) which is the first in the chain.
In the case of bodies of surface waters such as lakes the threats consist of sewage treatment plants or landfills. Three lakes (Konin, Rybojadło and Szarlejskie) are threatened with contamination from two sewage treatment plants, while one (Konin) is situated as a subsequent lake to which the accessibility might be limited Fig. 2 . Bodies of surface water such as lakes or reservoirs in Poland located within the areas potentially subject to flooding due to the dilution of contamination in the lake located above (Rybojadło). Additionally, two lakes (Dzierzgoń and Liwieniec) are threatened with contamination released from landfill sites. One of these lakes, Liwieniec, is located in the Liwa River system as the subsequent lake after Lake Dzierzgoń. In the case of bodies of surface waters such as reservoirs, the greatest threat comes from industrial plants. A total of 28 industrial plants located in areas potentially affected by flooding with low probability of occurrence are potential threats for 11 reservoirs (Czorsztyn, Dobczyce, Dobromierz, Goczałkowice, Poraj, Porąbka, Rożnów, Świnna Poręba, Tresna, Turawa, Zegrzyński). In the case of areas potentially affected by flooding with medium probability of occurrence the number of industrial plants decreases to two, constituting a threat to three reservoirs: Poraj, Porąbka and Tresna. Porąbka Reservoir is a subsequent reservoir to Tresna Reservoir. In areas potentially affected by flooding with high probability of occurrence the number of industrial plants decreases to two constituting a threat to only one reservoir (Poraj). Cemeteries are also serious threats for some of the reservoirs. Altogether eight cemeteries located in areas potentially affected by flooding with low probability of occurrence are virtual threats to five reservoirs (Dzierżno Duże, Rożnów, Topola, Turawa and Zegrzyński). For areas potentially affected by flooding with medium probability of occurrence the number of cemeteries decreases to four constituting a threat to three reservoirs (Topola, Turawa, Zegrzyński). In areas affected by flooding with high probability of occurrence the number of cemeteries decreases to two constituting potential threats to Topola and Zegrzyński reservoirs.
A similar situation exists with respect to sewage treatment plants. Seven sewage plants located in areas potentially affected by flooding with low probability of occurrence constitute threats to six bodies of water such as reservoirs (Goczałkowice, Otmuchów, Pilchowice, Świnna Poręba, Topola and Włocławek). In the case of areas potentially affected by flooding with medium probability of occurrence the number of sewage treatment plants decreases to four, which are threats to three reservoirs (Otmuchów, Pilchowice and Topola). In the case of the areas potentially affected by flooding with high probability of occurrence the number of sewage treatment plants decreases to two; threatening Otmuchów and Topola reservoirs.
The following bodies of surface water: Leśna, Świnna Poręba, Turawa, Złotniki (Leśna Reservoir subsequent to Złotniki) are threatened with contamination released from three landfills located in areas potentially affected by flooding with low probability of occurrence. In the case of areas potentially affected by flooding with medium probability of occurrence only one landfill constitutes a threat to the Turawa Reservoir.
The least threatening are sewage pumping stations. Only three stations are located in areas potentially affected by flooding with low probability of occurrence, Fig. 3 . Number of objects of environmental flood risk constituting potential threats for the bodies of surface water (A -lakes, B -reservoirs) with contamination released due to flooding Fig. 4 . Total number of bodies of surface water such as lakes or reservoirs potentially exposed to contamination released due to flooding from different categories of objects of environmental flood risk Table 3 . Register of bodies of surface water such as lakes and reservoirs in Poland which are threatened with contamination released due to flooding from objects of environmental flood risk. The grey background highlights those bodies of surface water which are situated as subsequent objects in the river outflow system constituting threats to four reservoirs, i.e. Dzierżno Duże, Goczałkowice, Porąbka and Tresna. In the case of the areas potentially affected by flooding with medium probability of occurrence one pumping station poses threat to only two reservoirs (Porąbka and Tresna).
In the area potentially affected by flooding with high probability of occurrence there are no identified pumping stations to threaten any reservoir. The locations of all bodies of surface water such as lakes and reservoirs potentially exposed to contamination released due to flooding from different kinds of objects of environmental flood risk are presented in Figures 5-9.
Discussion and conclusions
The conducted analysis of Polish lakes in view of threats connected to contamination released due to flooding (and transported by the flood waters) coming from objects of environmental flood risk, shows that this threat constitutes a marginal aspect and actually refers only to 0.5% of bodies of surface water. However, in the case of water reservoirs the threat constitutes a significant aspect because it refers to over 40% of all such bodies of water.
This greater share of potential threat is due to the fact that these reservoirs are often built not only to offer protection from flooding, but also to fulfill other social functions (i.e. to be a source of water for the local community and for other economic purposes). Hence, their vicinity to urban areas whose activity is further associated with the presence of potential objects of environmental flood risk. Such a situation exists in the case of the Rożnów Reservoir, where objects of environmental flood risk (4 industrial plants, and 2 cemeteries located at a distance of 5.3-7.5 km respectively from the reservoir) are present in the town of Nowy Sącz (approx. 80 thousand citizens). Such a situation also applies to the Świnna Poręba Reservoir where objects of environmental flood risk (3 industrial plants, 1 sewage treatment plant and 1 communal landfill are located at a distance of 2.5-4.7 km from the reservoir) are found in the town of Sucha Beskidzka (approx. 10 thousand citizens).
The conducted analyses concerned lakes and reservoirs, defined as bodies of surface water, however, much smaller lakes and reservoirs may also be threatened with contamination. A notable example is Lake Nury with a surface area of 3.3 ha, an old meander of the nearby Vistula River, for which the potential threats come from two sewage treatment plants: the treatment plant for Puławy, a town with approx. 50 thousand citizens (plant with the capacity of 17.5 dam 3 d -1
) located at a distance of 6.1 km from the lake, and an industrial sewage treatment plant located at a distance of 9.1 km. Another smaller water body, Lake Kotowicko, an abandoned meander of the River Oder (surface area of 2 ha), is threatened with contamination from two cemeteries in the event of flooding with medium probability of occurrence. The small country cemeteries, located at a distance from the lake of 1.4 km and 3.7 km, respectively are at risk of inundation from the River Oder .A similar situation was identified in two other oxbow lakes in the River Oder basin: Lake Gęsie (1.9 ha) and Lake Księżno (6.5 ha). In both cases two country cemeteries constitute the potential threat.
Another, even more spectacular example, could be the Brodzki Reservoir on the River Kamienna threatened by contamination released from 21 industrial plants (located in areas potentially affected by flooding with low probability of occurrence). This reservoir has flood protection, economic and recreational functions, it constitutes, among others, the source of water for the local industrial plants operating mainly in the town of Starachowice. The high number of industrial plants in this place is due to the fact that in the twentieth century Starachowice was a developed industrial centre (metallurgical and automotive industry), although the political transformation in Poland at the end of the last century led to the collapse and fragmentation of the majority of the plants.
The estimation of potential threats to smaller lakes and reservoirs not defined as bodies of surface water, related to contamination releasing during flood events from the objects of environmental flood risk, might be significant not as much for water management planning as for actions on a local scale, especially in such regions in which the lake or reservoir constitutes an important element for their functioning. These issues can be submitted for consideration in local planning documents -the municipality's development strategy (and other documents related to spatial management), lake protection programmes, crisis management plans, etc. Moreover, they should also be considered in documents directed to the planning of adaptation measures to climate changes (adaptation plans) (IOŚ-PIB 2018). Such actions would support the performance of the country's balanced flood policy within the area of environmental risk at the level of basic social-ecological systems (Dumieński et al. 2017) .
It is also advisable to take into account the potential impact of contamination from the objects of environmental flood risk on particular lakes or reservoirs (defined as bodies of surface water) in the risk assessments of failure to achieve environmental objectives conducted in the subsequent updates of water management plans for the basin areas.
It is necessary to highlight that the definition of potential impact of contamination from, the so-called, objects of environmental flood risk on particular lakes/ water reservoirs requires detailed studies for which various data are necessary ( works in the form of case studies). However, it is necessary to detail the information regarding the above mentioned objects in the context of the number and characteristics of contaminants which might be released due to flooding. Only on this basis may further research (including the model ones) be carried out covering the entirety of processes connected with the spread of contamination in relation to the possibility of their getting into the lake/reservoir and next -the processes occurring with those contaminants within the lake/reservoir itself.
